Pacemakers are used to maintain the heart rate when the inherent conduction system of the heart fails, either because of disease or surgery. Most permanent pacemakers are programmable and lead to an increase in complexity and potential problems for anaesthetists during surgery. Some demand pacemakers will convert automatically to the asynchronous mode in the presence of intermittent or modulating electromagnetic fields. Multi-programmable pacemakers are now widely used and can be changed to the asynchronous mode before the patient comes to the operating room (OR).
1 " 3 The asynchronous mode is beneficial during surgery because a unipolar electrocautery may interfere with pacemaker function. Although the generator remains in the voo (ventricular asynchronous type without sensing capability) mode, it may inadvertently be reprogrammed to some other mode by the electrocautery, causing irreversible damage to the pacemaker pulse generator. Electrocautery may increase the rate of capture of the pacemaker and also induce ventricular fibrillation. 4 Electromagnetic interference (EMI) is defined as an adverse change in the normal function of a device caused by electromagnetic energy, either radiated or conducted. Such EMI has previously been shown to inhibit demand pacemakers.
5 "
10
We observed pacemaker failure resulting in asystole caused by voltage control oscillator (VCO) "lock-out" in a patient whose pacemaker had been converted to the asynchronous mode the night before surgery.
Case report A 15-year-old, 66 kg, 165 cm white girl presented with a history of left transposition of the great arteries, pulmonary atresia, and ventricular septal defect. Previous operations included Blalock-Taussig shunt, Waterston shunt, and a Rastelli procedure (LV-PA conduit). Following her last operation six years ago, she had third degree AV block that was managed by insertion of a ventricular pacemaker that sensed R waves to inhibit artificial pacing (vvi). On admission, the patient had moderate to severe conduit (LV-PA) and conduit valve stenosis, which required correction. The night before surgery the vvi pacemaker was changed to the asynchronous mode, because the unipolar electrocautery might interfere with the pacemaker function.
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After premedication with 5 mg of diazepam po, the patient was brought to the OR, and anaesthesia was induced with thiopentone 200 mg iv. The trachea was intubated with a 7.0 mm cuffed tube following administration of 1 mg of pancuronium, and 80 mg of succinylcholine iv. A 20-ga right radial artery catheter and left triple lumen subclavian catheter were inserted. Electrocautery, used to control bleeding, caused transient asystole, which reverted to normal with cessation of cauterization. This phenomenon recurred with the second use of the electrocautery. On the third use, the patient remained asystolic, despite cessation of cauterization. Cardiopulmonary resuscitation was started, generating a systolic blood pressure of 80 mmHg. Atropine 0.4 mg and isoproterenol 0.1 jxg • kg"' were administered through the triple lumen catheter. Four minutes later, the heart rate was 40 beats per minute (bpm), and systolic blood pressure was 80 mmHg. In order to isolate the pacemaker wires from the pulse generator, the surgeon opened the area over the generator, which was located in the left side of the abdomen. The wires were connected to an external pacemaker and the heart was paced at 60 bpm. The operation then proceeded uneventfully. Before weaning the patient from cardiopulmonary bypass, a new pacemaker generator was inserted. The patient was taken to the ICU and was discharged from the hospital several days later. The pacemaker generator was returned to the manufacturer for analysis.
Discussion
In this case, meticulous attention was given to ensure that pacemaker failure would not occur. Precautions included reprogramming the pacemaker to the asynchronous mode in addition to proper placement of the grounding pad. In spite of our efforts, pacemaker malfunction occurred. A pulse generator has two major components: a lithium battery and electronic circuitry. The electronics consist of a voltage control oscillator (VCO) and digital circuitry (Figure) . The VCO emits a signal to the digital circuitry during a pacing pulse. The number and timing of the signals emitted from the VCO determine the duration of the pulse and are dependent upon the programming of the generator's pulse width (duration). For example, if the pulse width is programmed to 0.5 msec, the VCO must emit 20 signals to the digital circuitry before the digital circuitry will shut off the VCO and terminate the output pulse.
When the VCO is functioning, it produces current drain from the battery. When the battery voltage is adequate, the VCO transmits the appropriate signals to the digital circuitry, which then shuts off the VCO and thereby reduces further battery drain. Battery voltage must be at least 1 to 1.5 volts for the VCO to send the proper signals. If battery voltage decreases below 1 to 1.5 volts, the signals emitted from the VCO will be unable to activate the digital circuitry. The digital circuitry will "request" an output pulse, timed according to the programmed rate, from the VCO, and the VCO will remain on. The digital circuitry continues to wait for the correct number of signals so it can shut off the VCO. Since it does not receive the signals, the VCO circuit keeps running and creates additional current drain that results in even lower battery voltage. This condition is referred to as VCO "lock-out."
Cold temperatures and electrocautery are exogenous conditions that can decrease the battery voltage until VCO "lock-out" can occur. The exact effect of the electrocautery on a pacemaker pulse generator is unpredictable. Often, it will turn on circuits and transistors that would normally be off and result in current drain that can reduce battery voltage below the level required for proper VCO function. Clinically, the effect is seen as an apparent loss of pacemaker output.
When the pacer was analyzed by the manufacturer (Medtronic), the filtered voltage of the generator was 1.011 volts, a voltage level consistent with exposure to electrocautery. With the exception of the battery, all other components of the pulse generator were within specifications. When a new 2.8 volt battery was connected to the circuitry, the pacemaker functioned normally. The voltage at which VCO "lock-out" can occur spontaneously is well below the end-of-service (battery depletion) level of the 2.1 to 2.3 volts recommended by the manufacturer.
When unipolar electrocautery is to be used during an operation, the grounding plate should be placed as close to the operative site and as far from the pacemaker as possible. Electrocautery should not be used within 15 cm of a pacemaker pulse generator, and its use should be limited to one-second bursts every ten seconds to prevent repetitive asystolic periods. If a demand pacemaker is inhibited by electrocautery, a high-powered magnet should be placed over the generator to convert it to the asynchronous mode. The use of bipolar electrocautery forceps further reduces the chance of electromagnetic interference, 10 '" since a grounding plate is not used and the current flows between the two tips of the forceps. In addition, a transcutaneous pacemaker, isoproterenol, and atropine should be available to treat unexpected sudden cessation of pacing.
We believe that electromagnetic interference from electrocautery caused reduced battery voltage. This enabled the digital circuitry, but not the VCO, to work properly. The VCO was not turned off by the digital circuit, because appropriate signals were not received. Eventually, battery current drain was sufficient to cause VCO "lock-out" and pacemaker and battery failure. When unipolar electrocautery is anticipated in patients who have third degree AV blocks and permanent pacemakers, inserting a transvenous pacemaker the night before surgery should be considered. As shown by this case, pacemaker failure can occur despite conversion to the asynchronous mode.
